Introduction
In most patients with acute myeloid leukemia (AML), leukemic cells become undetectable after chemotherapy. Nevertheless, leukemia may subsequently relapse due to persisting chemoresistant cells indistinguishable from normal hematopoietic progenitors by conventional morphologic analysis, i.e., minimal residual disease (MRD) (1) (2) (3) . In both childhood and adult AML, MRD is a powerful and independent prognostic factor (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) . Despite compelling evidence supporting its clinical importance, MRD assays in AML have remained largely unchanged over the last decade.
MRD has been measured by either PCR amplification of genetic abnormalities or flow cytometric detection of leukemia-associated cell marker profiles. In about 20% of adult and 35% of pediatric AML cases, cells carry gene fusions, such as RUNX1-RUNX1T1, CBFB-MYH11, or MLL fusion transcripts (4, 14) ; NPM1 mutations occur in about 30% of adult and <10% of pediatric cases (15, 16) . Detection of these molecular insight.jci.org https://doi.org/10.1172/jci.insight.98561
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abnormalities during treatment correlates with relapse (5, 10, (17) (18) (19) (20) . Flow cytometric monitoring of MRD is also prognostically informative and, unlike PCR, is not limited to patients with specific genetic abnormalities (7) (8) (9) (21) (22) (23) (24) (25) (26) (27) (28) (29) . Nevertheless, standard flow cytometric monitoring of MRD has a sensitivity often not exceeding 0.1% (1 leukemic cell in 1,000 normal bone marrow cells) (22, 25, 26) , it requires considerable expertise to avoid incorrect MRD estimates, and it is still not applicable to all patients.
The capacity of contemporary flow cytometers to detect 8 or more markers simultaneously can increase the discriminating power of MRD analysis (30) (31) (32) (33) . This potential, however, can be fulfilled only if sufficiently distinct leukemia markers are available. Thus, the discovery of markers differentially expressed in leukemic versus normal myeloid cells should increase applicability, sensitivity, and reliability of MRD monitoring by flow cytometry. In turn, this could widen the implementation of response-guided protocols in AML. In this study, we compared the genome-wide gene expression profiles of AML cells with those of their normal counterparts. The aberrant expression of selected genes was validated by flow cytometry by analyzing their expression in large sets of normal and leukemic specimens ( Figure 1 ). The findings led to the formulation of marker panels and analytical algorithms for highly sensitive monitoring of MRD in AML.
Results
Genes aberrantly expressed in AML cells and normal myeloid progenitors. To identify genes aberrantly expressed in AML, we compared global gene expression of 157 AML diagnostic samples to that of normal CD34 + myeloid progenitor cells (CD13 + and/or CD33 + ) purified from the bone marrow of 7 healthy donors. We found 395 probe sets that were overexpressed in AML (i.e., at least 100% higher than the highest signal measured in normal myeloid cells) and 260 that were underexpressed (i.e., at least 50% lower than the lowest normal value) in 66% or more AML cases. Widening the inclusion criterion to genes aberrantly expressed in at least 33% of AML cases raised the numbers to 1,958 and 1,271, respectively (Supplemental Tables 1 and  2 ; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.98561DS1).
Among the differentially expressed genes, some had been previously shown to be aberrantly expressed in AML. Those overexpressed genes included WT1 (in 84.7% of cases) (34, 35) , CD56 (46.5%) (36) , CD7 (38.2%) (37, 38) , CD33 (36.9%) (39), CD4 (36.3%) (40) , CD14 (30.6%) (39) , and CD19 (28.0%) (40), while CD34 was underexpressed (36.3%) (41) . Interestingly, genes previously reported to be leukemia stem cell specific had also emerged in our screening. These included 18 of the 25 genes reported by Saito et al. (42) to be overexpressed in CD34 + CD38 -AML cells; the remaining 7 were either overexpressed in <25% of cases (n = 4) or not probed by the HG-U133A array (n = 3). Similarly, we identified 16 of the 21 genes associated with AML stem cells by Kikushige et al. (43) ; the remaining 5 were either overexpressed in <25% of cases (n = 3) or not probed by our array (n = 2) (Supplemental Table 3 ).
Flow cytometric analysis of proteins encoded by aberrantly expressed genes. Some genes differentially expressed by gene array analysis (e.g., CD7, CD19, CD56) encoded proteins already used as flow cytometric markers for MRD studies (8, 21, 22, 25, 26, 29, 33, 36, 44, 45) , suggesting that mining the microarray data might uncover other useful markers. For further studies, we prioritized genes that were (a) differentially expressed in at least 33% of cases of AML; (b) overexpressed by at least 5-fold of the maximum value in normal cells or underexpressed by at least 5-fold of the minimum value; and (c) targetable by commercially available, fluorochrome-conjugated, antibodies. We selected 24 genes (22 overexpressed in AML, 1 underexpressed, and 1 overexpressed in some cases and underexpressed in others) ( Table 1) . To these, we added CD47, CD123, CD366 (HAVCR2, TIM3), and CD371 (CLEC12A, CLL-1), which had been previously associated with AML stem cells (43, (46) (47) (48) . In our gene expression analysis, CD47 and CD123 were overexpressed in <33% of cases and did not meet our selection criteria; CD366 and CD371 were not probed by the HG-U133A oligonucleotide microarray.
Figure 1. Patients enrolled in this study and sample utilization.
After confirming the specificity of the antibodies with positive and negative target cells (Supplemental Table 4 ), we tested the expression of the 28 markers in 191 AML and 63 leukemia-free bone marrow samples. These were from either healthy donors (n = 23) or children with leukemia who were on therapy and MRD negative (n = 40); many of the latter samples contained high proportions of regenerating CD34 + myeloid progenitors. Six of the twenty-eight markers (CD115, CD163, CD177, CD209, CD210, and CCL5/Rantes) were expressed in AML cells at levels too low to allow reliable MRD studies and were excluded from further studies. Among the remaining 22 markers, expression in AML was significantly different (P < 0.01) for 16: CD9, CD32, CD44, CD52, CD54, CD64, CD68, CD86, CD93, CD96, CD97, CD99, CD123, CD366, and CX3CR1 were predominantly overexpressed, while CD59 was predominantly underexpressed, in agreement with the gene array result ( Figure 2 and Supplemental Figure  1A ). For the other 6 markers, differences between leukemic and normal cells were either not statistically significant (CD18, CD47, CD200, and CD371; P > 0.05) or yielded a higher P value (CD25, P = 0.049; CD300a/c, P = 0.020). Regardless, some AML cases had clear overexpression or underexpression (Figure 3 ), suggesting their potential as markers for MRD studies.
For each of the 22 markers, we determined the number of AML cases that expressed them at a median fluorescence intensity (MFI) higher than the maximum level seen among normal CD34 + myeloid cells plus 1 SD or lower than the lowest value minus 1 SD. By these criteria, the 22 markers were differentially expressed in 14.8%-57.3% (median, 36.5%) of cases (Table 2) . Interestingly, several (CD18, CD44, CD47, CD52, CD59, CD123, CD200, and CD300a/c) were overexpressed in some cases but underexpressed in others.
Among the 191 AML cases studied for marker expression, 34 (17.8%) had less than 25% leukemic cells that expressed CD34. We performed a subanalysis of the 22 selected markers in these cases, comparing A Gene expression was studied by HG-U133A oligonucleotide microarrays in 157 AML samples and 7 samples of normal CD34 + myeloid progenitors. Shown are the percentage of AML cases with expression signals higher than 2-fold of the highest value obtained among normal CD34 + myeloid cells (Overexpressed in AML) or at least 50% lower than the lowest signal among the normal CD34 + myeloid cells (Underexpressed in AML). B CD52 was underexpressed in an additional 28.0% of cases.
their expression to that of CD117 + CD33 + cells from nonleukemic bone marrow samples, including maturing myeloid cells, monoblasts, and erythroblasts and excluding mature monocytes and granulocytes. As shown in Supplemental Figure 2 , expression in this subset of AML was significantly different (P < 0.001) for 6 of the markers (CD9, CD44, CD86, CD97, CD99, and CX3CR1). For another 8 markers (CD32, CD54, CD59, CD64, CD68, CD123, CD200, and CD300a/c) comparisons yielded a higher P value (P < 0.05 but P > 0.01). For the remaining 8 markers, the differences were not significant (P > 0.05), although some AML cases had clear overexpression or underexpression. The selected markers persist at relapse and are expressed on AML cells with an immature phenotype. Leukemia subclones at diagnosis may become predominant at relapse, resulting in immunophenotypic shifts (26) . We determined the prevalence of expression shifts using paired samples collected at diagnosis and relapse from 16 AML patients, for a total of 168 tests. As shown in Figure 4A , in 146 of the 168 (86.9%) tests, at least one of the selected markers was aberrantly expressed both at diagnosis and at relapse. In an additional 13 (7.7%) tests, markers not present at diagnosis were detected at relapse. In only 9 (5.4%) tests, an aberrantly expressed marker at diagnosis reverted to normal range at relapse. Importantly, in all 16 patients studied, markers aberrantly expressed at diagnosis in more than 50% of blasts remained abnormally expressed at relapse (Supplemental Figure 3) . Thus, the markers remained prevalently expressed at relapse, indicating that their aberrant expression extended to virtually all subclones within the leukemic cell populations.
The potential usefulness of the markers was further corroborated by studies of phenotypically more immature AML cells, i.e., CD34 + , CD38 dim/-. We studied 12 diagnostic samples containing 13%-65% (median, 27%) CD34 + CD38 dim/-AML cells. Collectively, the markers were aberrantly expressed in these cells and in the more mature CD38 bright cells in 48 tests (43 overexpressed in both subsets, 5 underexpressed in both subsets), while in an additional 12, clear aberrant expression was confined to the immature cell subset. In only 5 tests, the markers were aberrantly expressed in the more mature cells but were within the normal range in the immature cell population. Although variations in expression intensity among AML subsets with different maturity features were observed, marker expression largely overlapped: median Figure 1A ) from leukemia-free bone marrow aspirates (white circles) and in diagnostic AML samples (gray circles). The box on the AML plots indicates the upper and lower normal limits. The number of samples studied is indicated under each plot. By unpaired t test with Welch's correction, P < 0.0001 for CD9, CD44, CD54, CD59, CD64, CD68, CD86, CD96, CD97, CD99, CD123, and CX3CR1; P < 0.001 for CD32 and CD366; and P < 0.01 for CD52 and CD93. insight.jci.org https://doi.org/10.1172/jci.insight.98561
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MFI for the overexpressed markers in immature AML cells was 104% (range, 27%-597%) of that in more mature cells ( Figure 4 , B and C, and Supplemental Figure 4 ). Validation of the selected markers for MRD detection. The above results indicated that the markers identified in this study should allow reliable detection of MRD. This assumption was tested in 190 bone marrow and 18 peripheral blood samples that were collected from 52 patients with AML (35 children and 17 adults) during treatment (68 at the end of the first or second cycle of remission induction therapy, and 140 collected subsequently). In all 52 patients, at least one of the markers was found to be abnormally
Figure 3. Genes whose expression in AML cells by flow cytometry was not statistically different than that of their normal counterparts.
Plots indicate median fluorescence intensity (MFI) of each marker in CD34 + myeloid cells from leukemia-free bone marrow aspirates (white circles) and in diagnostic AML samples (gray circles). The box on the AML plots indicates the upper and lower normal limits. The number of samples studied is indicated under each plot. By unpaired t test with Welch's correction, P > 0.05 for all markers, except CD25 (P = 0.049) and CD300a/c (P = 0.020). Some AML samples show considerable overexpression or underexpression. 
Table 2. Expression of the selected markers in AML cells relative to their expression in nonleukemic bone marrow CD34 + myeloid cells, as determined by flow cytometry
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expressed at diagnosis. We used 8-marker panels, including markers identified in this study plus CD34, CD117, CD45, and CD33. By standard flow cytometric methods (Supplemental Table 5 ) (25, 28) , of the 208 samples studied, 7 had 0.01% to <0.1% and 47 had ≥0.1% leukemic cells, while the remaining 154 had no detectable leukemic cells. There was an excellent correlation between these results and those obtained with the markers identified in this study ( Figure 5A ). All 54 specimens with MRD according to the standard method also had MRD by the additional markers, with levels of MRD estimated by the two sets of markers closely matched (Spearman r = 0.9816, P < 0.0001). Moreover, in 3 samples in which the standard MRD markers failed to detect residual leukemic cells, the additional markers revealed the presence of 0.10%, 0.19%, and 0.28% leukemic cells ( Figure 5A ).
To be useful for MRD studies, leukemia markers should persist despite exposure to chemotherapy. To this end, we measured levels of expression in leukemic cells of 27 patients who had MRD ≥0.1% during treatment according to standard flow cytometric methods (Supplemental Table 5 ). Figure 5B shows data obtained for 6 markers; data for 13 other markers are shown in Supplemental Figure 5 . Overall, expression levels remained beyond the threshold of the maximum normal value (or minimum for CD59) plus 1 SD; in only 5 of 175 (2.9%) MRD tests (one each for CD32, CD54, CD59, CD97, and CD366), the marker's median fluorescence intensity crossed that threshold. Thus, exposure to chemotherapy is unlikely to cause false-negative results in MRD studies with these markers.
Association of the selected markers with AML subtypes. We determined whether expression of the markers identified in this study was associated with clinically relevant features of AML, including RUNX1-RUNX1T1, CBFB-MYH11, MLL gene rearrangements, BCR-ABL, NPM1 mutations, FLT3 internal tandem . We found that aberrant expression of some of the markers was more prevalent in some AML subtypes ( Figure 6 and Supplemental Figure 6 ). Thus, among RUNX1-RUNX1T1 cases there was a significantly higher prevalence of CD52 (P < 0.0001 by Fisher's exact test), CD96 (P = 0.0012), CD200 (P = 0.0002), CD366 (P = 0.0018), and CD371 (P = 0.0029) overexpression, while CD59 (P = 0.0015) and CD300a/c (P < 0.0001) were particularly underexpressed. CBFB-MYH11 cases commonly overexpressed CD54 (P = 0.0009) and CD93 (P = 0.0016); MLL rearranged cases overexpressed CD18 (P = 0.0009), CD64 (P < 0.0001), and CD68 (P = 0.0090); and FLT3 ITD cases overexpressed CD25 (P = 0.0047). Finally, AML M7 cases with or without t(1;22) (p13;q13) showed a higher prevalence of CD44 (P < 0.0001) and CD200 (P = 0.0002) underexpression.
The selected markers improve discrimination between leukemia and normal cells. To visualize how the leukemia-associated markers identified in this study could improve the resolution of leukemic and normal cells, we prepared artificial mixtures containing various proportions of AML cells and normal bone marrow mononucleated cells (from 2 healthy donors and 2 MRD-negative children with ALL regenerating after chemotherapy). The individual samples had been labeled with either the most distinctive set of standard markers (CD13, CD133, and CD38) or the most distinctive additional markers (CD9, CD44, and CD54) identified in the AML cells; both standard and additional markers had been combined with CD34, CD117, CD45, and CD33, which identified immature myeloid cells. All flow cytometric files were merged and analyzed by using t-Distributed Stochastic Neighbor Embedding (tSNE) machine-learning algorithm (49) . As shown in Figure 7A , the additional markers provided a clear separation between AML and normal cells, whereas these overlapped with the best standard markers.
Next, we used tSNE to visualize data from bone marrow samples collected during therapy from two patients with AML in morphologic remission. In one of the samples, one aliquot was labeled with the 4 best available standard markers (CD38, CD133, CD7, and anti-HLA-Dr) and the other with 2 markers that emerged from this study (CD52 and CD47), in addition to CD34, CD117, CD45 and CD33. As shown in Figure 7B , there was considerable overlap between the cells identified as AML and normal immature myeloid cells, despite the use of 4 standard MRD markers. By contrast, the cell populations were clearly distinct with CD52 and CD47, and MRD 0.05% could be unequivocally identified. The second sample illustrates the advantage of adding CD96 to a standard marker (CD7); addition of CD96 improved the discrimination of MRD, estimated at 0.04% ( Figure 7C and Supplemental Figure 1B) . 
Finally, we determined the potential sensitivity of MRD detection by using tSNE. Figure 7D shows superimposed data from 10 nonleukemic bone marrow samples and 1 diagnostic AML specimen at different ratios. After conventional gating of CD34, CD33 and CD117 viable single cells, AML cells were clearly distinguishable as a separate cluster, even when they represented only 1 in 100,000 cells; a subsequent analysis of the cluster demonstrated the predicted AML marker profile.
Application of the selected markers for MRD monitoring. The availability of additional markers should allow MRD studies in patients lacking suitable leukemia-associated immunophenotypes by traditional methods. By improving the resolution of leukemic and normal cells, the sensitivity of the test should also increase. To test these predictions, we applied 8-to 10-antibody panels, including markers identified in this study, to 129 consecutive samples obtained from 118 patients with AML at diagnosis and 11 at relapse. The percentage of cases expressing each marker and the immunophenotype of the individual cases are summarized in Figure 8 , A and B. The additional markers allowed the definition of an aberrant profile for MRD monitoring in all 129 cases, while panels composed only of traditional markers (Supplemental Table 5 ) could not identify an aberrant immunophenotype in 14 (10.8%) of the 129 cases ( Figure 8C) ; the additional markers expressed in each of these 14 cases are shown in Figure 8D . Of note, 5 of the markers were sufficient to allow MRD studies in 122 of the 129 cases (94.6%) ( Figure 8C ). Possible antibody combinations, including these and other markers, are shown in Supplemental Table 6 .
Comparisons between the immunophenotype of AML cells and that of normal hematopoietic cells indicated that the markers discovered in this study would allow a sensitivity of MRD detection at a level of 0.01% or better in all 129 cases (0.001% in 52 cases, 40.3%). Sensitivity with the standard markers, however, was limited to 0.1% in 52 (40.3%) and extended to 0.01% in 53 (41.1%) and 0.001% in only 10 (7.8%) ( Figure 8C ). Hence, the additional markers not only expanded the possibility of MRD studies by flow cytometry, but also increased their sensitivity overall. It should be noted that at least 10 clustering events are required for MRD recognition (50) . Hence, to achieve a sensitivity of 0.001%, at least 1,000,000 mononucleated cells must be available for analysis.
In 37 children and adolescents with AML treated according to the Malaysia-Singapore AML 2006 protocol after the first course of remission induction therapy, we used the additional markers to detect MRD (≥0.01%) in 22 patients while 15 were MRD negative. As shown in Figure 8E , absence of detectable MRD was associated with a significantly more favorable outcome (P = 0.010).
Discussion
Sequential measurement of treatment response and, hence, MRD monitoring are essential for a "precision medicine" approach to the clinical management of AML. The only option to monitor MRD in the majority of patients with AML is flow cytometric detection of markers aberrantly expressed in leukemic cells. The success of this approach depends entirely on the identification of cell marker profiles that are unequivocally distinct from those expressed by normal hematopoietic cells. In this study, we used genome-wide gene expression analysis to uncover differences between AML cells and normal CD34 + myeloid hematopoietic cells, which are the most challenging cells to distinguish from AML blasts by flow cytometry because of their close The percentage of AML cells in each mixture is shown. (B) MRD visualization in bone marrow mononucleated cells from a patient with AML after the first cycle of remission induction chemotherapy. Cells were labeled with either the best available standard markers (CD38, CD133, CD7, and anti-HLA-Dr) or with CD52 and CD47; both sample aliquots were also labeled with CD34, CD117, CD45, and CD33. tSNE was performed on gated myeloid CD34 + cells. The percentage estimated MRD (red contour plots) according to CD52 and CD47 is shown. (C) MRD visualization in bone marrow mononucleated cells from another patient with AML after the second cycle of remission induction chemotherapy. Cells were labeled with CD34, CD117, CD45, and CD33, in combination with CD7 (the best standard marker in this case) and CD96 (see Supplemental Figure 1B for details on the analysis process). The percentage estimated MRD (red contour plots) according to CD7 plus CD96 is shown; histograms illustrate the individual marker expression in normal (blue) versus AML cells (red). (D) tSNE analysis of the cell profile of normal bone marrow CD34 + CD33 + CD117 + mononucleated cells from 10 donors (blue) containing various proportions of AML cells (red). The histograms on the right show expression of the individual markers on the leukemia cell cluster (red) compared with the remaining cells (blue). insight.jci.org https://doi.org/10.1172/jci.insight.98561
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immunophenotypic resemblance (50) . The results of this analysis, enriched by genes previously reported to be differentially expressed in leukemic and normal hematopoietic "stem cells," led us to the identification of 22 promising markers, which reliably detected MRD in follow-up samples of patients with AML. The addition of these markers greatly improved the identification of AML cells in the background of normal hematopoiesis. With antibody panels targeting these markers, unique leukemia profiles could be defined in all 129 consecutive diagnostic AML samples studied, and the potential sensitivity of MRD detection increased to 1 leukemic cell in 10,000 normal bone marrow cells or greater for all cases. Thus, it is now possible to implement highly sensitive and reliable assays to monitor MRD in all patients with AML. Leukemia-associated markers currently used for MRD studies in AML had been identified empirically, primarily by observing flow cytometric data obtained during the process of leukemia diagnosis (50) . Instead, our starting point was an unbiased and wide-ranging comparison of gene expression in normal and leukemic cells, an approach that had previously led us to discover new markers for MRD studies in ALL (31) . It might be argued that differential expression at the mRNA level cannot predict protein expression levels, but the flow cytometric data in our study generally reflected the differences emerging from the gene array comparisons. Mirkowska et al. (51) used mass spectrometry to study protein expression on the surface of ALL cells and amplified leukemic samples through xenograft models to obtain sufficient cell quantities. It is possible that this approach could also be used to discover new markers for AML. To this end, the data that we generated for gene expression of normal versus leukemic myeloid cells could also be a useful reference for studies attempting to define the surfaceome of AML by mass spectrometry. Although our gene expression analysis relied on a cohort of predominantly pediatric AML, the immunophenotypic aberrations that we observed extended to adult AML cases. We noted, however, that some markers were particularly prevalent in cases with specific genetic features. For example, cases with RUNX1-RUNXT1, an abnormality more common in pediatric than adult AML (52, 53) , often had abnormal expression of CD52, CD59, CD96, CD200, CD300a/c, CD366, and CD371, whereas CD25 was more frequently overexpressed in cases with FLT3 ITD, more common in adults (54) .
Gene expression differences between normal and leukemic stem cells had been previously noted (42, 43) . Our gene expression results and the immunophenotypic studies of cell subsets within the AML populations study suggest that these differences extend to most leukemic cells, regardless of their maturity status. Saito et al. (42) used the immunophenotype CD34 + CD38to sort leukemia stem cells from 21 AML samples; corresponding cells from 5 cord blood or bone marrow samples served as a normal control. Using a similar approach, Kikushige et al. (43) analyzed gene expression of leukemia stem cells from 12 AML samples and 5 normal bone marrow samples. Collectively, the two studies identified 40 genes overexpressed in leukemia stem cells, 35 of which were probed by our HG-U133 array. Surprisingly, all 35 genes were also found to be overexpressed in our analysis. We tested 5 of these by flow cytometry and found that 3 (CD32, CD96, and CD97) were also significantly overexpressed at the protein level, while CD18 and CD25 were less consistently overexpressed. Another marker recently reported to be associated with leukemia stem cells, CD99 (55) , was also overexpressed in AML cells according to both our gene expression analysis and subsequent flow cytometric validation. It is noteworthy that CD99 has been proposed to be a targetable marker for immunotherapy (55) , and CD123, another marker overexpressed in our group, is being targeted by antibodies and chimeric antigen receptor-T cells for the treatment of AML (47, 56) . While our objective was the identification of markers of AML to track MRD, the resulting data warrant further exploration for targetable markers preferentially expressed in AML cells.
In patients with AML, a better assessment of treatment response should help prediction of relapse and optimization of therapy. Therefore, measuring MRD levels at key points during chemotherapy can steer decisions about intensity of subsequent chemotherapy and eligibility for allogeneic hematopoietic stem cell transplantation (1, 57) . Moreover, MRD is likely to become increasingly used as eligibility and response criteria in clinical trials of new anti-AML agents. The markers identified in this study were generally stable during chemotherapy and remained expressed at relapse. MRD levels measured using these markers correlated well with those detectable by standard methods, but our approach significantly improved sensitivity and allowed MRD measurement in all patients. A limitation of MRD monitoring by flow cytometry has been the requirement for an expert operator to interpret the complex patterns. Although MRD monitoring is inherently a specialized task and should be performed by those who are proficient in this task, the combination of the markers identified in this study with contemporary analytical tools should significantly clarify the distinction between normal and leukemic cells and mitigate the risk of incorrect interpretation. Undoubtedly, applying a larger number of markers at diagnosis and during follow-up could add significantly to the costs. It can be argued, however, that the potential gains in applicability, sensitivity, and reliability might well offset these expenses.
Methods
Patients and cells. Bone marrow samples were collected at diagnosis from 370 patients with de novo or secondary AML, aged <1 to 63 years; patients with acute promyelocytic leukemia were not included in this study (Figure 1 ). Of the 370 samples, 157 from pediatric (n = 127) and adult (n = 30) AML were used for genome-wide gene expression studies, and the other 213 for flow cytometry studies. Bone marrow (n = 190) and peripheral blood (n = 18) obtained from 52 patients with AML during therapy and bone marrow samples collected from 27 patients at relapse were also studied. The diagnosis of AML was established according to morphology, cytochemistry, and cell marker profile. Bone marrow samples from 30 healthy donors (7 included in the gene expression studies) and from 40 patients with acute leukemia during therapy were studied to determine marker expression in non-AML myeloid progenitors. The prognostic significance of MRD was evaluated in a group of 37 pediatric patients (median age, 7 years; range, 0.5-17) with AML treated according to the Malaysia-Singapore AML 2006 protocol, which is modeled on the Medical Research Council AML 2010 study and uses daunorubicin, cytarabine, and etoposide remission induction therapy (58) .
Leukemic and normal mononucleated cells were obtained by centrifugation on a density gradient (AccuPrep, Nycomed) and washed 3 times in PBS. All samples used in the gene expression studies were cryopreserved. To obtain normal myeloid progenitor cells for gene expression analysis, CD19 + B cells were removed from cryopreserved bone marrow mononucleated cells of 7 healthy donors using a MACS separation system (Miltenyi Biotec). The remaining cells were labeled with anti-CD34 conjugated to phycoerythrin (PE; BD Biosciences) as well as anti-CD13 (from Dako) and anti-CD33 (BD Biosciences), both conjugated to FITC. We then sorted CD34 + cells expressing CD13 and/or CD33 using a MoFlo fluorescence-activated cell sorter (Cytomation, Beckman Coulter).
Gene expression arrays studies. Gene expression array studies were performed as previously described (59) . Briefly, after isolating total RNA from 157 AML samples and 7 normal myeloid progenitor cell samples using Trizol reagent (Invitrogen), we generated cDNA and prepared biotin-labeled cRNA hybridization solutions (Affymetrix). Three of the seven normal myeloid progenitor cell preparations yielded low RNA and were pooled into one. The solutions were hybridized to HG-U133A oligonucleotide microarrays (Affymetrix), which were stained with phycoerythrin-conjugated streptavidin. Arrays were read with a laser confocal scanner (Agilent), with signal values computed using Affymetrix GeneChip Operating Software. AML microarray data are available at http://www.stjuderesearch.org/data/AML1. Flow cytometric analysis and MRD studies. The antibodies used to determine marker expression by flow cytometry are listed in Supplemental Table 4 . These antibodies were used in combination with anti-CD34 peridinin chlorophyll protein (PerCP), CD117 conjugated to allophycocyanin (APC), CD45 conjugated to APC-H7, and CD33 PE-Cy7 (all from BD Biosciences). Isotype-matched nonreactive antibodies were used as controls. For flow cytometric analysis, mononucleated cells were washed in PBS containing 0.5% bovine serum albumin and 0.5% sodium azide (PBSA), mixed with rabbit serum to block surface Fc receptors, incubated with the antibodies for 10 minutes at 20°C in the dark, washed twice in PBSA, and fixed with 0.5% formaldehyde. For intracellular markers, cells were permeabilized and fixed before exposure to antibodies using 8E, a reagent prepared in our laboratory from a proprietary formula. Measurements of antibody labeling were performed by multiparameter flow cytometry, using an LSRII flow cytometer (BD Biosciences).
Studies of MRD by flow cytometry were performed using combinations of monoclonal antibodies that identified leukemia-associated immunophenotypes determined at diagnosis. Cell staining was essentially performed as described above. Data acquisition and analysis were performed as previously described (6, 11, 25) using an LSRII flow cytometer (BD Biosciences) and DIVA (BD Biosciences) and FlowJo (Tree Star) software (Supplemental Figure 1) . At least 100,000 viable mononucleated cells (up to 1,000,000) were analyzed in each sample.
Statistics. Unpaired 2-tailed t test with Welch's correction was used to analyze differences in marker expression between AML cells and their normal counterparts; P < 0.01 was considered significant. Levels of MRD detected by standard and new markers were analyzed by Spearman's correlation. Fisher's exact test was used to determine marker association with different AML subtypes; P < 0.01 was considered significant. Log-rank test was used to compare AML-free survival in patients with or without detectable MRD; P < 0.05 was considered significant.
Study approval. These studies were approved by the National University of Singapore Institutional Review Board, with informed consent obtained from patients or their guardians.
